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The Eu spins-7/2 in EuCo2P2 with the tetragonal ThCr2Si2-type structure have the prototypical
noncollinear helical antiferromagnetic structure below the Ne´el temperature TN = 66.5 K as previ-
ously determined from single-crystal neutron diffraction measurements. The helix axis is along the
c axis with the ordered moments aligned within the ab plane. Our recent formulation of molecular
field theory (MFT) is found to quantitatively fit the anisotropic magnetic susceptibility of single-
crystal EuCo2P2 at T ≤ TN with a helix turn angle comparable to the neutron diffraction value.
The experimental and MFT magnetic heat capacities at T ≤ TN are also in good agreement. Val-
ues of the Heisenberg exchange interactions between the Eu spins-7/2 within the J0-Jz1-Jz2 MFT
model are derived. The results demonstrate the robust applicability of the MFT to model the
thermodynamic properties of noncollinear Heisenberg antiferromagnets.
We recently presented a general formulation of the
Weiss molecular field theory (MFT) of local-moment
Heisenberg antiferromagnets (AFMs) containing identi-
cal crystallographically-equivalent spins [1–3]. In this
formulation the paradigm of magnetic sublattices pre-
viously required to calculate the magnetic and thermal
properties below the AFM ordering (Ne´el) temperature
TN was abandoned and thermodynamic predictions for
various systems were obtained from consideration of only
the exchange interactions between a central moment and
its neighbors. This formulation allows the anisotropic
temperature T -dependent magnetic susceptibility χ and
the magnetic heat capacity Cmag(T ) of collinear and pla-
nar noncollinear AFMs at T ≤ TN to be calculated on
the same footing. Furthermore, the theoretical predic-
tions are cast in terms of measurable properties. For
collinear AFMs these are the spin S, TN, χ(TN) and the
Weiss temperature θp in the Curie-Weiss law for χ in
the paramagnetic state. For planar noncollinear AFMs
an additional parameter is required. In the J0-Jz1-Jz2
MFT model for a helical AFM structure [1, 2], the ad-
ditional parameter is the turn angle kd between ordered
moments in adjacent magnetic moment layers along the
helix axis. Several applications of this MFT to fit exper-
imental χ(T ≤ TN) data for single crystals and polycrys-
tals of collinear and planar noncollinear AFM systems
have been presented [1, 3–10].
However, the MFT predictions have not yet been com-
pared with single-crystal Cmag(T ) and χ(T ) data for any
system with a (coplanar) helix AFM structure, which is
the prototype for a noncollinear AFM structure. The rea-
son is that no such data were available for a helical struc-
ture in which the assumptions of the MFT are fulfilled,
namely high spin (small quantum fluctuations), domi-
nant Heisenberg spin interactions, and no ferromagnetic
(FM) component or magnetic and/or spin reorientation
transitions occurring below the initial TN. Furthermore,
for a definitive test of the applicability of the MFT pre-
dictions for a helix, one also requires input about the
AFM structure from neutron diffraction measurements.
Single-crystal neutron diffraction measurements [11]
have shown that EuCo2P2 has the required helical AFM
structure below TN = 66.5 K. A generic picture of such
a helix is shown in Fig. 1 of [1]. EuCo2P2 has the body-
centered tetragonal (bct) ThCr2Si2-type crystal struc-
ture (space group I4/mmm) [12]. The lattice parameters
of EuCo2P2 at room temperature are a = 3.7649(5) A˚
and c = 11.348(2) A˚ with c/a = 3.014(1) [12]. The or-
dered moment at 15 K is 〈µ〉 = 6.9(1) µB/Eu, which
agrees with the saturation moment µsat = gSµB/Eu
= 7µB/Eu expected for Eu
+2 spin S = 7/2 and spec-
troscopic splitting factor g = 2 [11]. The authors of [11]
reported that the AFM structure below TN is a helix
with the Eu ordered moments aligned in the ab plane of
the tetragonal structure, with the helix axis along the
perpendicular c axis. The ab-plane alignment of the or-
dered moments is consistent with the prediction of mag-
netic dipole interactions between the Eu spins for the
above c/a ratio [13]. The incommensurate AFM propa-
gation vector for the helix changed by only 2% from k =
[0, 0, 0.834(4)]2pi/c at T = 64 K to [0, 0, 0.852(4)]2pi/c
at T = 15 K [11]. Since d = c/2 is the distance along the
c axis between adjacent layers of FM-aligned moments
in the bct Eu sublattice, the turn angle kd between the
ordered moments in adjacent layers perpendicular to the
helix axis is
kd(64 K) = 0.834(4)pi rad, kd(15 K) = 0.852(4)pi rad.
(1)
Polycrystalline samples of EuCo2P2 exhibit AFM or-
dering of the Eu+2 spins at TN = 66.5(5) K as deduced
from powder χ(T ) data [14]. The data in the para-
magnetic state at T > TN follow the Curie-Weiss law
χ = C
T−θp
where the positive θp = 20(2) K [14] in-
dicates dominant FM interactions [1, 2]. The effective
moment obtained from the observed Curie constant is
µeff = 8.10(8) µB/f.u., where f.u. means formula unit.
This value is close to the value µcalceff = g
√
S(S + 1)µB =
7.94 µB calculated from Eu
+2 spin S = 7/2 with g = 2.
The authors’ 151Eu Mo¨ssbauer data are also consistent
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FIG. 1: (Color online) (a) Cp versus T for EuCo2P2 and
BaCo2P2. (b) The difference Cp − γT versus T for EuCo2P2
and BaCo2P2, where γ is the Sommerfeld electronic heat ca-
pacity coefficient for the respective compound.
with the oxidation state Eu+2, and they inferred that Co
does not contribute to the AFM ordering in EuCo2P2
[14]. The values of kd with pi/2 < kd < pi in Eq. (1) indi-
cate that the dominant interlayer interactions are AFM
[see Eq. (3a) below], and the above θp value therefore in-
dicates that the dominant intralayer interactions must be
FM [see Eq. (3c) below]. Electrical resistivity ρ(T ) mea-
surements on single crystals indicate metallic character
with a sharp break in slope at TN [15].
In order to test the applicability of our formulation of
MFT to the noncollinear AFM state of EuCo2P2 we grew
crystals of EuCo2P2 and measured their properties. We
find that this compound is a model system exhibiting an
anisotropic χ(T ) at T ≤ TN that is well described by the
MFT for a helical AFM structure with turn angles com-
parable to the neutron diffraction results in Eq. (1). We
also present Cmag(T ) data and show that the MFT pre-
diction is in good agreement with these data for T ≤ TN.
An independent measurement of TN was obtained from
in-plane ρ(T ) measurements. Finally, the Heisenberg ex-
change interactions between the Eu spins are estimated
within a minimal J0-Jz1-Jz2 MFT model.
Our crystals of EuCo2P2 were grown in Sn flux as de-
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FIG. 2: (Color online) (a) Cmag versus T for EuCo2P2 (open
circles). The solid curve is the prediction of MFT. (b) Smag
versus T for EuCo2P2. The horizontal dashed line is the the-
oretical high-T limit Smag = R ln(2S + 1) for S = 7/2.
scribed previously [11], whereas a polycrystalline sample
of BaCo2P2 was prepared by solid-state reaction. Mag-
netization M data were obtained using the SQUID mag-
netometer in a Quantum Design, Inc., MPMS system for
applied magnetic fields H ≤ 5.5 T and using a vibrating
sample magnetometer in a PPMS system for high-field
M(H) isotherm measurements up to 14 T. Cp(T ) and
ρ(T ) data were also obtained using the PPMS system.
Cp data for EuCo2P2 and BaCo2P2 are plotted ver-
sus T in Fig. 1(a). The data for BaCo2P2 are used
to correct for Cp contributions in EuCo2P2 from other
than the Eu magnetism. A pronounced peak is seen
for EuCo2P2 at TN = 65.7(1) K that is compara-
ble with the previously-reported TN values [11, 14, 15].
At low T the data for EuCo2P2 and BaCo2P2 follow
Cp = γT + βT
3, where γ(EuCo2P2) = 23.7(5) and
γ(BaCo2P2) = 37.3(3) mJ/(mol K
2) (not shown). The
nonzero values of the Sommerfeld coefficients γ indi-
cate metallic character for both compounds. Shown in
Fig. 1(b) are the Cp data corrected for the respective elec-
tronic γT terms. One sees that the Cp− γT data for the
two compounds are now nearly identical above ≈ 100 K.
To eliminate the residual average deviation of the data
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FIG. 3: (Color online) (a) χ ≡ M/H versus T for single-
crystal EuCo2P2 for H ‖ c axis and H ‖ ab plane with H =
1 T. (b) χ−1 versus T for both H ‖ c and H ‖ ab. The data
above 100 K are fitted by the Curie-Weiss law (straight lines)
with the fit parameters listed.
between the two compounds in the 100–300 K tempera-
ture range we multiplied the Cp − γT data for EuCo2P2
by 1.0046. Then taking the difference between the result-
ing data for EuCo2P2 and the Cp−γT data for BaCo2P2
yields the magnetic heat capacity Cmag(T ) for EuCo2P2
in Fig. 2(a). The nonzero Cmag for TN < T <∼ 100 K
is due to weak dynamic short-range magnetic ordering
of the Eu spins above TN. The MFT prediction [2] for
Cmag(T ) for S = 7/2 and TN = 65.7 K is shown as the
solid blue curve in Fig. 2(a). The agreement is quite
good, apart from the 30 K region above TN where the
short-range magnetic ordering there is not included in
the MFT prediction.
The magnetic entropy Smag(T ) is calculated using
Smag(T ) =
∫ T
0
[Cmag(T )/T ]dT and the result is shown in
Fig. 2(b). The high-T limit for a mole of spins S = 7/2 is
R ln(2S+1), where R is the molar gas constant, as shown
by the horizontal dashed line in Fig. 2(b). One sees that
the high-T Smag(T ) data for EuCo2P2 closely approach
this value. The small residual deviation is likely due to a
small inaccuracy in the background Cp subtraction. The
short-range magnetic ordering seen in Cmag at T > TN
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FIG. 4: (Color online) M versus H at T = 2 K up to high
fields for H ‖ c and H ‖ ab.
in Fig. 2(a) represents only a small fraction of the total
entropy of the disordered spin system, since the change
in Smag from TN to 100 K is found from Fig. 2(b) to be
only about 7% of the disordered entropy R ln(8).
We also carried out in-plane ρ(T ) measurements on a
EuCo2P2 crystal and the results (not shown) are similar
to those in [15]. In particular, on cooling we find that the
ρ(T ) shows a sharp increase in slope at TN = 66(1)K,
consistent with our Cmag measurement of TN above.
The χ ≡ M/H data are presented versus T for H =
1 T in Fig. 3(a) for both H ‖ c axis and H ‖ ab plane.
The discontinuities in the slope versus T occur at TN ≈
66.5 K, in agreement with the previous reports [11, 14,
15]. The χ(T ) data for H ‖ c become nearly independent
of T below TN, consistent with the MFT prediction [2]
for the perpendicular susceptibility of the helical AFM
structure of EuCo2P2 in which the ordered moments are
oriented within the ab plane [11] . The data for H ‖ ab
have a nonzero limit at T → 0, again consistent with the
planar noncollinear AFM structure [1, 2, 9].
The inverse susceptibility χ−1 versus T is shown in
Fig. 3(b). The data from 100 K to 320 K were fitted
by the Curie-Weiss law, yielding the Curie constants and
Weiss temperatures listed in the figure. Since the Curie
constants are the same for the two field directions, the
effective moments derived from them are also the same,
µeff = 7.84 µB/f.u., which agrees within about 1% with
the value 7.94µB/f.u. expected for Eu
+2 with S = 7/2
and g = 2. The difference θab − θc arises mainly from
magnetic dipole interactions between the Eu spins [13].
The spherical average of the fitted Weiss temperatures is
θp,ave = 21.4(3) K, in agreement with the previous result
θp = 22(2) K [14] for a polycrystalline sample.
High-field M(H) isotherm data at T = 2 K for H ‖
c axis and H ‖ ab plane are shown in Fig. 4. The data
for H ‖ c are nearly linear in field, in agreement with the
high-field behavior expected within MFT for a field per-
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FIG. 5: (Color online) χab(T ) versus T for H ‖ ab plane in
H = 1 T. The fit by MFT for χab(T ) of a helix in Eqs. (2)
for T ≤ TN is shown as the solid blue curve.
pendicular to the ordering plane of a noncollinear AFM
[2]. Extrapolating the Mc(H) data in Fig. 4 to the satu-
ration moment µsat = gSµB = 7 µB/Eu gives the critical
field Hc(T → 0) ∼ 28 T at which a second-order tran-
sition to the paramagnetic state occurs with increasing
H [2]. For the in-plane H ‖ ab, the Mab(H) data in
Fig. 4 show a metamagnetic transition at ≈ 8 T. The
significant width of this transition is consistent with a
noncollinear AFM structure in H = 0 with the ordered
moments aligned in the ab plane. The Mab(H) behavior
at high H has not yet been worked out in detail for a
helical AFM.
An expanded plot of χab(T ) for EuCo2P2 from
Fig. 3(a) is shown in Fig. 5. The normalized in-plane sus-
ceptibility χab(T ≤ TN)/χ(TN) for a planar noncollinear
helical AFM system is given within our formulation of
MFT by [1, 2]
χab(T ≤ TN)
χ(TN)
=
(1 + τ∗ + 2f + 4B∗)(1 − f)/2
(τ∗ +B∗)(1 +B∗)− (f +B∗)2
, (2a)
where
B∗ = 2(1− f) cos(kd) [1 + cos(kd)]− f, (2b)
t =
T
TN
, f =
θp
TN
, τ∗(t) =
(S + 1)t
3B′S(y0)
, y0 =
3µ¯0
(S + 1)t
,
(2c)
the ordered moment versus T in H = 0 is denoted by µ0,
the reduced ordered moment µ¯0 = µ0/µsat is determined
by solving µ¯0 = BS(y0), B
′
S(y0) = [dBS(y)/dy]|y=y0 and
our unconventional definition of the Brillouin function
BS(y) is given in [1, 2].
We fitted the data in Fig. 5 for T ≤ TN by Eqs. (2)
using S = 7/2, TN = 66.5 K, χ(TN) = 0.147 cm
3/mol and
f = θab/TN = 0.346 where θab = 23.0 K. For kd(T ) we
used the value kd(T = 64 K) = 0.834pi rad from Eq. (1)
[11]. In order to fit the lowest-T data in Fig. 5, we used
kd(T = 0) = 0.88pi rad, which is comparable to the value
at 15 K in Eq. (1) [11]. For intermediate temperatures
kd was linearly interpolated between these two values.
The χab(T ≤ TN) thus obtained from MFT is plotted
versus T for T ≤ TN as the solid curve in Fig. 5. The fit
is seen to be in good agreement with the data.
We now estimate the intralayer and interlayer Heisen-
berg exchange interactions within a minimal J0-Jz1-Jz2
MFT model for a helix [1, 2], where J0 is the sum of all
Heisenberg exchange interactions of a representative spin
to all other spins in the same spin layer perpendicular to
the helix (c) axis, Jz1 is the sum of all interactions of the
spin with spins in an adjacent layer along the helix axis,
and Jz2 is the sum of all interactions of the spin with
spins in a second-nearest layer [1, 2]. Within this model
kd, TN and θp are related to these exchange interactions
by [1, 2]
cos(kd) = −
Jz1
4Jz2
, (3a)
TN = −
S(S + 1)
3kB
[
J0 + 2Jz1 cos(kd)
+ 2Jz2 cos(2kd)
]
, (3b)
θp = −
S(S + 1)
3kB
(J0 + 2Jz1 + 2Jz2) , (3c)
where a positive (negative) J corresponds to an AFM
(FM) interaction. Using S = 7/2, TN = 66.5 K, θp =
23.0 K, the average kd = 0.857pi rad of the two kd values
in Fig. 5 and solving Eqs. (3) for the three exchange
constants, one obtains
J0/kB = −9.7 K, Jz1/kB = 2.1 K, (4)
Jz2/kB = 0.6 K,
where the above variation in kd with T for 0 < T < TN
is found to have a minimal effect on the derived J ’s. As
anticipated above, from the FM-like θp the net exchange
constant J0 + 2Jz1 + 2Jz2 = −4.4 K is FM, and the out-
of-plane exchange constants Jz1 and Jz2 are both AFM.
In summary, we demonstrated from measurements on
single crystals that EuCo2P2 is a textbook example of a
noncollinear MFT helical AFM where its χ at T ≤ TN is
well fitted by the predictions of MFT. The Cmag(T ) data
also agree well with the MFT prediction apart from weak
dynamic short-range AFM ordering above TN that is not
taken into account by MFT. From the values of S, kd, TN
and θp we extracted values of the Heisenberg exchange
constants within the J0-Jz1-Jz2 MFT model. It would
be interesting to compare these exchange constant values
with the predictions of electronic structure calculations
for this model system.
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